Overexpression of the ped/pea-15 gene is a common feature of type 2 diabetes. In the present work, we show that transgenic mice ubiquitously overexpressing ped/pea-15 exhibited mildly elevated random-fed blood glucose levels and decreased glucose tolerance. Treatment with a 60% fat diet led ped/pea-15 transgenic mice to develop diabetes. Consistent with insulin resistance in these mice, insulin administration reduced glucose levels by only 35% after 45 min, compared to 70% in control mice. In vivo, insulin-stimulated glucose uptake was decreased by almost 50% in fat and muscle tissues of the ped/pea-15 transgenic mice, accompanied by protein kinase C␣ activation and block of insulin induction of protein kinase C. These changes persisted in isolated adipocytes from the transgenic mice and were rescued by the protein kinase C inhibitor bisindolylmaleimide. In addition to insulin resistance, ped/pea-15 transgenic mice showed a 70% reduction in insulin response to glucose loading. Stable overexpression of ped/pea-15 in the glucose-responsive MIN6 beta-cell line also caused protein kinase C␣ activation and a marked decline in glucose-stimulated insulin secretion. Antisense block of endogenous ped/pea-15 increased glucose sensitivity by 2.5-fold in these cells. Thus, in vivo, overexpression of ped/pea-15 may lead to diabetes by impairing insulin secretion in addition to insulin action.
Type 2 diabetes is a genetically determined disorder, affecting over 150 million people worldwide (35) . The pathogenesis of type 2 diabetes is characterized both by insulin resistance in muscle, fat, and liver and by impaired insulin secretion (10, 16) . Whether a single genetic defect may simultaneously cause impaired insulin action and secretion in common forms of human diabetes and by what mechanism are unknown.
PED/PEA-15 is a ubiquitously expressed multifunctional protein. It controls mitogenic signaling by binding extracellular signal-regulated kinases and anchoring them to the cytoplasm (14) . PED/PEA-15 also inhibits several apoptotic pathways through a number of different mechanisms and plays an important role in tumor development and sensitivity to antineoplastic agents (5, 6, 11, 15, 30, 34) . Recently, PED/PEA-15 was reported to bind to and increase the cellular stability of phospholipase D, enhancing its activity in the cell (8, 35) . In addition, we showed that overexpression of the ped/pea-15 gene is a common defect in type 2 diabetes (7). Overexpression of PED/PEA-15 protein impairs insulin-stimulated GLUT4 translocation and glucose transport in cultured muscle and adipose cells, suggesting that ped/pea-15 overexpression may contribute to insulin resistance in type 2 diabetics (7) .
Other studies have demonstrated that ped/pea-15-induced resistance to insulin action on glucose disposal is accompanied by activation of the classical protein kinase C (PKC) isoform PKC␣ (8) . In turn, the induction of PKC␣ by ped/pea-15 overexpression prevents subsequent activation of atypical PKC/ by insulin (8) . Rescue of PKC/ function in ped/pea-15-overexpressing cells restores glucose transport to its normal sensitivity to insulin. Thus, in cultured muscle and adipose cells, ped/pea-15 generates resistance to insulin action on glucose disposal by impairing normal regulation of PKC/ function by PKC␣. Accumulating evidence now indicates that the atypical PKCs and are major downstream effectors activating the glucose transport machinery in response to insulin in both skeletal muscle and adipose tissues (12) . Activation of atypical PKCs by insulin is defective in humans with type 2 diabetes as well as in animal models of type 2 diabetes (12, 17, 18) . It therefore appears that atypical PKCs are key molecules in the pathogenesis of type 2 diabetes and may represent important drug targets as well.
Defective insulin secretion in response to secretogogues also plays an important role in the pathogenesis of type 2 diabetes (24) . At least in part, this further abnormality appears to be genetically determined (2, 33) . However, metabolic abnormalities determined by insulin resistance also contribute to betacell failure in type 2 diabetes (2, 24, 33) . In the present report, we show that overexpression of ped/pea-15 to levels similar to those found in many type 2 diabetics may lead to diabetes in transgenic mice. This defect is accompanied by defective insulin action on glucose transport and, additionally, by impaired glucose-stimulated insulin secretion. Thus, overexpression of the ped/pea-15 gene may cause diabetes by impairing beta-cell function in addition to insulin sensitivity.
MATERIALS AND METHODS
Generation of ped/pea-15 transgenic mice. ped/pea-15 cDNA (7) was cloned in the BamHI sites of plasmid pBap2, containing the human beta-actin promoter. To generate transgenic mice, the 5.2-kb ClaI fragment was excised, purified by agarose gel electrophoresis, and injected into pronuclei of C57BL/6J ϫ DBA/2J mouse embryos. Three F 0 founders were identified by Southern blot analysis of genomic DNA by probing with the PstI fragment of the human ␤-actin promoter.
To establish transgenic lines, founder mice were mated with BDF1 mice. Heterozygous transgenic mice were subsequently identified by Southern blotting with either the ClaI fragment or the PCR amplification product of the fragment obtained with primers 5Ј-CGCGGATCCATGGCTGAGTACGGGACCCTC-3Ј and 5Ј-GGCCTTCTTCGGTGGGGGAGCCAATTTGATGATCTCTTCCTC A-3Ј; by Northern blotting with the ClaI fragment; and by Western blotting with polyclonal rabbit antibodies against PED/PEA-15 protein (7). Three lines (L1, L61, and L30) overexpressing PED/PEA-15 protein were established. Animals were kept in a 12-h dark-light cycle and fed standard or chow with a 60 kcal% fat content (Research Diets formulas D12328 and D12331, respectively; Research Diets, Inc., New Brunswick, N.J.) ad libitum. All procedures described below were approved by the Institutional Animal Care and Utilization Committee.
Phenotypic analysis. Blood glucose levels were measured with glucometers (Accu-check; Boehringer Mannheim), plasma insulin was measured by enzyme immunoassays (ultrasensitive mouse insulin enzyme-linked immunosorbent assay; Mercordia AB, Uppsala, Sweden), fasting plasma free fatty acids were measured with the Wako NEFA C kit (Wako, Richmond, Va.), and triglycerides were measured with the Infinity triglyceride reagent (Sigma, St. Louis, Mo.).
Insulin tolerance tests. Random-fed mice were subjected to intraperitoneal injection with insulin (0.75 mU g of body weight Ϫ1 ). Venous blood was subsequently drawn by tail clipping at 0, 15, 30, 45, 60, 90, and 120 min after insulin injection to determine blood glucose levels.
Glucose tolerance tests and insulin secretion. Mice were fasted overnight and then injected with glucose (2 g kg of body weight Ϫ1 ) intraperitoneally. Venous blood glucose was drawn by tail clipping at 0, 15, 30, 45, 60, 90, and 120 min without reclipping of the tails. We also measured plasma insulin concentrations at 2, 5, 15, and 30 min.
In vivo tissue glucose transport during glucose tolerance tests. 2-Deoxy-D- [1,2- 3 H]glucose (Amersham) was mixed with 20% glucose and then injected intraperitoneally (2 mg kg of body weight Ϫ1 ; 10 Ci/mouse) into weight-matched mice. Blood samples were obtained from the tail veins at 0, 15, 30, 45, 60, 90, and 120 min, and glucose concentrations were determined. The glucose specific activity was determined as described before (37) . At 120 min, mice were killed and tissues were snap frozen in liquid nitrogen. To determine tissue accumulation of 2-deoxyglucose-6-phosphate, 100 to 500 mg of tissue was homogenized in 2 ml of distilled water, and 1.6 ml of the homogenate was transferred to 1.6 ml of 7% ice-cold perchloric acid. The sample was centrifuged to remove precipitated protein, and 2.5 ml of the supernatant was neutralized for 30 min with 625 l of 2.2 M KHCO 3 . The precipitate was removed by centrifugation, and the supernatant was divided into 800-l aliquots. One aliquot was used to determine total 3 H radioactivity, and another was passed through an AG 1-X8 anion exchange resin column (Bio-Rad, Hercules, Calif.) to remove labeled 2-deoxyglucose-phosphate. The column was washed with 3 ml of distilled water, and the radioactivity in the eluted volume was measured in a scintillation counter. The difference between total and eluted 3 H radioactivity represents accumulated 2-deoxy-D- [1,2- 3 H]glucose-6-phosphate. The protein pellet was digested for 20 min at 55°C with 1 N KOH, and the protein concentration was determined by the Bradford assay (Bio-Rad, Hercules, Calif.). To calculate 2-deoxyglucose uptake, the radioactivity was divided by the integrated glucose specific activity area under the curve and the sample protein content.
Tissue collection and immunoblotting. Tissue samples (tibialis and soleus muscles and subcutaneous and perigonadal adipose tissues) were collected rapidly after mice were sacrificed by pentobarbitone overdose. Tissues were snap frozen in liquid nitrogen and stored at Ϫ80°C for subsequent Western blotting, biochemical assays of PKC activity, and diacylglycerol levels. Tissue samples were homogenized in a Polytron (Brinkman Instruments, Westbury, N.Y.) in 100 mg of buffer A per ml according to the method of Qu et al. (26) . After centrifugation at 3,000 ϫ g, the supernatant was centrifuged at 200,000 ϫ g for 90 min to pellet the crude membrane and cytosolic fractions. Further purifications to obtain the plasma membrane fractions were achieved as described by Uphues et al. (32) .
Ouabain-sensitive Na ϩ /K ϩ ATPase was used as a marker enzyme for plasma membranes, and activity was determined as described by Russ et al. (29) .
Membranes recovered from the 0.72 M sucrose layer were 12-fold enriched in the activity of the Na ϩ /K ϩ ATPase and considered to represent the plasma membrane fraction. Preparation of total tissue lysates was achieved by homogenization in TAT buffer (4) . Total homogenates and plasma membrane fractions were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with 10% gels, as described by Laemmli (21) . Proteins separated on the gels were electroblotted onto nitrocellulose filters as described before (8) and probed with antibodies to GLUT4, PKC (Santa Cruz Biotech Inc., Santa Cruz, Calif.), PLD (BioSource International, Camarillo, Calif.) phospho-Akt (Ser473) (Cell Signaling Technology, Inc., Beverly, Mass.), or Akt (Upstate Biotechnology, Lake Placid, N.Y.).
Determination of PKC and phosphatidylinositol 3-kinase activities. For determination of PKC␣ activity, tissues and cells were homogenized in TAT buffer, followed by immunoprecipitation with specific PKC␣ antibodies. PKC activity in the immunoprecipitates was then assayed as described by Condorelli et al. (8) . Alternatively, for assaying phosphatidylinositol 3-kinase, tissue homogenates were precipitated with phosphotyrosine antibodies coupled to protein A-Sepharose, and phosphatidylinositol 3-kinase activity in the immunoprecipitates was determined as described by Filippa et al. (13) .
Lipid extraction and diacylglycerol measurement. Muscle and adipose tissues and cells were powdered under liquid nitrogen and then extracted in 1:2 (vol/vol) chloroform-methanol as described by Turinsky et al. (31) . sn-1,2 Diacylglycerol was determined with the diacylglycerol kinase assay of Preiss et al. (25) .
[␥-
32 P]phosphatidic acid was separated by thin-layer chromatography on Silica Gel-60 plates (Merck) as described previously (31) . The plates were developed in chloroform-methanol-acetic acid (65:15:5, vol/vol/vol), and the positions of the spots corresponding to [␥- 32 P]phosphatidic acid were determined by autoradiography. Radioactivity in the spots was determined by liquid scintillation counting.
Cell culture procedures and transfection. MIN6 cells were cultured in Dulbecco's modified Eagle's medium (Life Technologies, Karlsruhe, Germany) containing 25 mM glucose, 50 M 2-mercaptoethanol, and 10% fetal calf serum (Biochrom, Hamburg, Germany) at 37°C in a 5% CO 2 atmosphere (23). For insulin secretion experiments, cells were seeded into 96-well plates at a density of 3 ϫ 10 4 cells per well. Three days after plating, the cells were washed with Earle's balanced salt solution containing 0.1% bovine serum albumin (Sigma). After starvation for 1 h in the same salt solution, the cells were incubated with either 0.1 or 16.7 mM glucose, as indicated, for 1 additional hour. The cell supernatant was filtered through Multiscreen MAVN filter plates (Millipore, Eschborn, Germany) and stored at Ϫ20°C until the insulin determination was performed.
Ped/pea-15 antisense (5Ј-TGACGCCTCCGGAGCTGAGA-3Ј) and scrambled (5Ј-GGCAATTTCGAGCGGCACGC-3Ј) oligonucleotides were synthesized by PRIMM (Milan, Italy). The ped/pea-15 expression vector has been reported (7) . Transfection of ped/pea-15 cDNA and antisense DNAs was performed as described previously (15) .
Adipocytes were isolated from epididymal fat pads by collagenase digestion, as described previously (28) . The number of adipocytes isolated was adjusted to 10 6 cells/ml of suspension, and 2-deoxyglucose uptake was measured as described previously (6) .
Immunohistochemical analysis. Pancreas from transgenic and control animals were fixed in 4% paraformaldehyde-0.1 M sodium phosphate buffer at 4°C overnight and placed in 30% sucrose at 4°C overnight. After being embedded in Tissue-Tek OTC compound and frozen at Ϫ20°C, tissue sections were prepared. Immunohistochemical analysis was carried out with the H38 rabbit insulin antibody (Santa Cruz Biotechnology, Inc.; 1:200 dilution), the N-17 goat glucagon antibody (Santa Cruz Biotechnology, Inc.; 1:200 dilution), or PED/PEA-15 antiserum (7) (1:20,000 dilution). Incubation with the primary antibody was followed by incubation with biotinylated anti-rabbit or anti-goat immunoglobulin G and peroxidase-labeled streptavidin. Analysis of serial consecutive islet sections stained with either insulin or the PED/PEA-15 antibodies was used to confirm ped/pea-15 expression in insulin-immunopositive beta cells.
Statistical procedures. Data were analyzed with Statview software (Abacusconcepts) by one-factor analysis of variance. P values of less than 0.05 were considered statistically significant. The total area under the curve for glucose response during the insulin tolerance test was calculated by the trapezoidal method.
RESULTS

Generation of transgenic mice overexpressing ped/pea-15.
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glucose tolerance, we used the ␤-actin promoter to generate transgenic mice overexpressing human ped/pea-15 (hped/pea-15) ubiquitously, as ped/pea-15 overexpression frequently occurs in type 2 diabetes (7) (Fig. 1a) . Three lines of mice (L1, L61, and L30) were established in which ped/pea-15 RNA as well as ped/pea-15 protein featured a 5 to 20-fold increased expression in fat, in skeletal and in cardiac muscles, three major targets of insulin action ( Fig. 1b and c) . Transgenic mice were fertile and generated viable offspring showing no significant growth alterations compared to control mice or other apparent abnormalities. L1 ped/pea-15 transgenic mice also exhibited normal fasting glucose levels ( Fig. 2a) . However, random-fed blood glucose levels were mildly elevated in the transgenic (145 Ϯ 40 and 138 Ϯ 28 mg/dl in male and female mice, respectively) versus the nontransgenic littermates (115 Ϯ 37 and 103 Ϯ 18 mg/dl in males and females, respectively). The difference between transgenic and control mice was significant (P Ͻ 0.01). In addition, glucose loading (2 mg kg Ϫ1 ) rendered the transgenic mice significantly hyperglycemic for the following 120 min. (Fig. 2b and c) , indicating decreased glucose tolerance in ped/pea-15 transgenic mice. Almost identical abnormalities were observed in L61 and L30 transgenic mice (data not shown). As shown in Fig. 2 , gender had no effect on the impairment in glucose tolerance caused by overexpression of ped/pea-15. Aging (3 to 12 months) also determined no Blood glucose levels were then determined as described under Materials and Methods. Bars represent the mean Ϯ standard deviation of determinations in at least 10 mice in each group. The differences in fasting glucose levels between transgenic and control mice were not statistically significant. Alternatively (b), whole-blood glucose was determined at 0 to 120 min after intraperitoneal glucose injection (2 mg kg Ϫ1 ) of age-matched male (top panel) and female (bottom panel) transgenic and control mice after overnight fasting. Values are expressed as mean Ϯ standard deviation for at least 12 mice in each group. Asterisks denote statistically significant differences (**, P Ͻ 0.01; ***, P Ͻ 0.001).
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ped/pea-15 TRANSGENIC MICE AND DIABETES 5007 significant changes in ped/pea-15-induced decreases in glucose tolerance (data not shown). Feeding L1 ped/pea-15 transgenic mice and their nontransgenic littermates a 60% fat diet for 10 weeks led to a 25% increased body weight compared to the standard 10% fat diet (P Ͻ 0.001; Fig. 3a ). This increase in body weight caused only slight elevations of both fasting and random-fed blood glucose levels in nontransgenic animals (Fig. 3b) . Glucose levels during tolerance tests were only moderately increased in nontransgenic mice after high-fat diet feeding (Fig. 3c) . In ped/pea-15 transgenic mice, increased body weight was accompanied by a significant elevation in both fasting and random-fed blood glucose levels (138 Ϯ 20 and 204 Ϯ 38, respectively, versus 68 Ϯ 32 and 124 Ϯ 40, respectively, in control mice; P Ͻ 0.001). Moreover, as shown by glucose loading, the high-fat diet further and severely deteriorated glucose tolerance in the ped/ pea-15 transgenic mice, indicating that, in vivo, overexpression of ped/pea-15 in conjunction with environmental modifiers may lead to diabetes. Gender had no significant effect on these diet-induced abnormalities in ped/pea-15 transgenic mice (data not shown).
Effect of ped/pea-15 overexpression on insulin sensitivity. Female L1 ped/pea-15 transgenic mice featured a 10-fold increase in fasting insulin levels compared to control animals FIG. 3 . Effect of high-fat feeding on glucose tolerance in ped/ pea-15 transgenic mice. Three-month-old female transgenic (Tg) and control (C; nontransgenic littermates) mice were fed either standard (10% fat) or 60% fat diets for 10 weeks. Animals were then weighed (a), and blood glucose levels were determined (b) after overnight fasting and in random-fed animals. Bars represent the mean Ϯ standard deviation of values from at least 10 mice in each group. The differences in fasting blood glucose levels in control mice treated with standard or high-fat diets were not statistically significant. Asterisks denote statistically significant differences (*, P Ͻ 0.05; ***, P Ͻ 0.001). Alternatively (c), glucose tolerance was compared in weight-matched female transgenic and control animals (at least 10 animals/group) subjected to the two different diets, as outlined in the legend to Fig. 2 . Differences in blood glucose levels after high-fat diet treatment were significant at P Ͻ 0.001 (transgenic mice) and P Ͻ 0.06 (control mice).
FIG. 4.
Insulin sensitivity in ped/pea-15 transgenic mice. Threemonth old female ped/pea-15 transgenic mice and age-matched nontransgenic littermates (16 per group) were fasted for 12 h, followed by determination of insulin (a), triglycerides (b), and free fatty acid (c) levels in plasma as described under Materials and Methods. Bars represent the mean Ϯ standard deviation of duplicate determinations in each animal. Differences between transgenic and control mice were significant at P Ͻ 0.001 (serum insulin) and P Ͻ 0.01 (serum free fatty acids and triglycerides). Alternatively, random-fed male (d) or female (e) mice (n ϭ 12/group) were injected intraperitoneally with insulin (0.75 mU g Ϫ1 ), followed by determinations of blood glucose levels at the indicated times. Values are expressed as mean Ϯ standard deviation of duplicate determinations in each animal. Asterisks denote statistically significant differences (P Ͻ 0.01).
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( Fig. 4a ; P Ͻ 0.001). Fasting nonesterified free fatty acid and triglyceride blood concentrations in ped/pea-15 transgenic mice were also increased by 47 and 65%, respectively, suggesting the presence of insulin resistance in these animals ( Fig. 4b and c ; P Ͻ 0.01). Almost identical differences were present in male mice (data not shown). To address the effect of ped/pea-15 overexpression on insulin sensitivity, we performed insulin tolerance tests. In control animals, intraperitoneal injection of insulin (0.125 mU g Ϫ1 ) caused a severe and sustained drop in random-fed blood glucose levels ( Fig. 4d and e) . This decrease achieved a maximum (70%; P Ͻ 0.001) after 45 min and was maintained for a further 45 min. At variance, insulin reduced glucose levels by only 40% after 45 min in ped/pea-15 transgenic mice, whether male or female. This smaller reduction was followed by a progressive rescue of the initial blood glucose concentration over the next 45 min. The same differences were observed in transgenic mice of the L30 and L61 lines and in control animals (data not shown).
In cultured cells, ped/pea-15 overexpression causes resistance to insulin action on glucose uptake (7). We therefore asked whether ped/pea-15 overexpression also impairs insulin stimulation of the glucose transport machinery in vivo. We compared glucose uptake in perigonadal and subcutaneous fat and in the tibialis and soleus muscles in L1 ped/pea-15 transgenic and in control mice. A 50% decrease in glucose uptake was observed in perigonadal and subcutaneous fat ( Fig. 5a ; the difference from control animals significant at the P Ͻ 0.001 and P Ͻ 0.01 levels, respectively). Also, glucose uptake in the tibialis and soleus muscles from transgenic animals was decreased by 43 and 37%, respectively, compared to the nontransgenic mice ( Fig. 5b ; P Ͻ 0.05). Glucose uptake was similarly reduced in both female and male transgenic mice (data not shown). Thus, insulin resistance in peripheral tissues might provide an important contribution to the impaired glucose tolerance of ped/pea-15 transgenic mice. In parallel with the decreased glucose uptake, GLUT4 membrane translocation in response to insulin and feeding was also significantly decreased in tibialis muscles and perigonadal adipose tissues from ped/ pea-15 transgenic mice (Fig. 5c ). This abnormality was accompanied by no significant change in the total GLUT4 levels in transgenic muscle or adipose tissues.
PKC signaling in ped/pea-15 transgenic mice. To address the molecular mechanism responsible for these abnormalities, we measured PKC␣ activity in immunoprecipitates from lysates of transgenic and control tissues. PKC␣ activity was constitutively increased in adipose tissue from fasted transgenic mice (Fig.  6a ). In addition, there was little further activation in the random-fed state in these animals, even upon insulin injection. At variance with the ped/pea-15 transgenic mice, PKC␣ activity increased by twofold in the fed state in the nontransgenic mice. In addition, in these mice, insulin further increased PKC␣ activity up to 2.5-fold above fasting levels.
The differences in PKC␣ activity between transgenic and control mice were accompanied by parallel changes in phosphorylation of the Ser 657 PKC␣ key activation site, with no change in the total levels of PKC␣ in the tissues (Fig. 6b) . In the control mice, transition from the fasted to the fed state was also accompanied by fourfold-increased phosphorylation of the Thr 410 key activation site of PKC/ (P Ͻ 0.001), indicating PKC/ activation. A similar induction of PKC/ was observed after administration of insulin to those animals (data not shown). The effect of feeding was decreased by 50% (P Ͻ 0.05) and 80% (P Ͻ 0.01) in muscle and adipose tissues, respectively, from the ped/pea-15 transgenic mice. Again, the decrease in PKC/ activation was accompanied by no significant change in the total PKC/ levels in the tissues. The same changes in PKC␣ and / were observed in male and female ped/pea-15 transgenic mice (data not shown).
PED/PEA-15 is a phospholipase D interactor and increases phospholipase D cellular activity by enhancing its expression level (34) . We therefore compared the levels of the phospholipase D product diacylglycerol in extracts from transgenic and control tissues, as diacylglycerol is a major PKC␣ activator. As ) and killed, and tissues were snap-frozen in liquid nitrogen.
D-[1,2-
3 H]glucose-6-phosphate accumulated in muscle and fat tissues was quantitated as described under Materials and Methods. Bars represent mean values Ϯ standard deviations. Differences between control and transgenic animals were significant at P Ͻ 0.05 (tibialis and soleus muscles), P Ͻ 0.01 (subcutaneous fat), and P Ͻ 0.001 (perigonadal fat). (b) Alternatively, tissues from insulin-injected animals were frozen in liquid nitrogen and harvested for plasma membrane preparation as described under Materials and Methods. Total homogenates and plasma membrane lysates were then analyzed by Western blotting with GLUT4 antibodies. Blots were revealed by enhanced chemiluminescence and autoradiography. The autoradiographs shown are representative of four independent experiments.
VOL. 24, 2004
ped/pea-15 TRANSGENIC MICE AND DIABETES 5009 revealed by thin-layer chromatography analysis, there diacylglycerol levels in subcutaneous and perigonadal adipose tissues from the ped/pea-15 transgenic mice were increased Ͼ2-fold ( Fig. 6d ; P Ͻ 0.01). In tibialis muscles from ped/pea-15 transgenic mice, diacylglycerol levels were also increased by 60% (P Ͻ 0.05) over that in the nontransgenic mice. Thus, diacylglycerol levels in fat and skeletal muscle tissues correlated with PED/PEA-15-induced PKC␣ activity in these tissues. PLD1 expression was also two-and fivefold higher in muscle and adipose tissues, respectively, from transgenic versus control mice ( Fig. 6c ; P Ͻ 0.001). This additional finding suggested that increased phospholipase activity is at least one of the mechanisms determining the high diacylglycerol levels in the tissues of the transgenic mice. The significance of these findings to the impaired insulinstimulated glucose uptake in tissues from ped/pea-15 transgenic mice was addressed further in adipocytes isolated from the animals. Consistent with the fat tissue, isolated adipocytes from the transgenic mice showed an almost fivefold decrease in insulin-induced glucose uptake compared to control cells (P Ͻ 6 . PKC␣ activation in ped/pea-15 transgenic mice. (a) Weightmatched female mice were fasted overnight or fed ad libitum, followed by intraperitoneal insulin injection (0.75 mU g Ϫ1 body weight), as indicated. The animals were killed, and perigonadal fat tissue was collected, homogenized, and immunoprecipitated with PKC␣ antibodies. PKC activity was assayed in the immunoprecipitates as outlined under Materials and Methods. Bars represent the mean Ϯ standard deviation of data from at least seven mice per group. Asterisks denote statistically significant differences (P Ͻ 0.01). Alternatively, fat or muscle tissues were solubilized, and lysates were Western blotted with phospho-PKC (P-PKC), PKC (panel b), or phospholipase D 1(PLD1) antibodies (panel c). Bands were revealed by enhanced chemiluminescence and autoradiography. The autoradiographs shown are representative of four (PKC␣ and phospholipase D 1) and three (PKC) independent experiments. (d) For determining diacylglycerol levels, tissues were extracted in chloroform-methanol, and lipid extracts were assayed by adding diacylglycerol kinase and [␥-
32 P]ATP as described under Materials and Methods. [ 32 P]phosphatidic acid was separated by thin-layer chromatography and quantitated by liquid scintillation counting. Bars represent the mean Ϯ standard deviation of data from at least six mice per group. Asterisks denote statistically significant differences (*P Ͻ 0.05, **P Ͻ 0.01).
FIG. 7.
Bisindolylmaleimide and propanolol effects on 2-deoxyglucose uptake in epididymal fat adipocytes from ped/pea-15 transgenic mice. Adipocytes from transgenic (Tg) and control (C) mice were incubated with 100 nM bisindolylmaleimide (BDM) or 150 M propanolol for 30 min, as indicated; 100 nM insulin (final concentration) was then added, and the cells were assayed for 2-deoxyglucose uptake (a). Lysates of adipocytes from transgenic and control mice were immunoprecipitated with PKC␣ antibodies, followed by determination of PKC activity (b), as described under Materials and Methods. Alternatively, the cells were extracted and diacylglycerol (DAG) levels were determined as described under Materials and Methods (c). Bars represent the means Ϯ standard deviation of duplicate determinations in four (2-deoxyglucose uptake), three (PKC␣ activity), and five (diacylglycerol levels) independent experiments with fat pads from five transgenic and five control mice. Asterisks denote statistically significant differences (**, P Ͻ 0.001).
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0.01; Fig. 7a ). Bisindolylmaleimide incubation reduced PKC␣ activity by fourfold in both wild-type and transgenic mouse adipocytes (P Ͻ 0.01; Fig. 7b ). Simultaneously, bisindolylmaleimide almost completely rescued insulin-stimulated glucose uptake in transgenic mouse adipocytes (Fig. 7a) . Preincubation with the phospholipase D inhibitor propanolol also caused a Ͼ50% reduction in diacylglycerol and PKC␣ activity in adipocytes from transgenic as well as control mice. As with bisindolylmaleimide, these changes were accompanied by a significant recovery of insulin-stimulated glucose uptake, indicating an important role of the phospholipase D/PKC␣ pathway in alteration of glucose uptake by ped/pea-15. Activation of the phosphatidylinositol 3-kinase/Akt/protein kinase B (PKB) pathway is a major event leading to stimulation of GLUT4 translocation by insulin. However, insulin injection caused a twofold activation of phosphatidylinositol 3-kinase in skeletal muscles from both transgenic and control mice (Fig. 8a) . Based on immunoblotting with specific phospho-Ser 473 Akt antibodies, Akt/PKB activity was also normally induced by insulin in transgenic muscles (Fig. 8b) , with no gender-related difference (data not shown). It therefore appeared that dysregulation of PKC signaling is a major mechanism responsible for ped/pea-15-induced resistance to insulin action in glucose uptake, independently of the phosphatidylinositol 3-kinase/Akt/PKB pathway. The mechanism of ped/ pea-15 inhibition of insulin-stimulated glucose uptake is shown schematically in Fig. 8c .
Glucose-regulated insulin secretion in ped/pea-15 transgenic mice. Based on insulin tolerance tests, ped/pea-15 transgenic mice developed only a further 20% increase in insulin resistance after the high-fat diet ( Fig. 9a ; difference from animals fed the standard diet was significant at the P Ͻ 0.05 level). In comparison, nontransgenic mice underwent a 60% reduction in their sensitivity to insulin (P Ͻ 0.01), and became as insulin resistant as their transgenic littermates (difference from transgenic mice not significant). Nevertheless, nontransgenic mice showed little change in glucose tolerance after the high-fat diet, while ped/pea-15 transgenic mice developed diabetes (Fig.  3c) . We therefore hypothesized that resistance to insulin action alone is not sufficient to cause the alteration in glucose tolerance of the ped/pea-15 transgenic mice.
To address this possibility, we first analyzed the expression of ped/pea-15 in beta cells of the transgenic mice. Staining of pancreas sections with specific PED/PEA-15 antibodies revealed a significant increase in the immunoreactivity of the islet cores, where beta cells are localized, in L1 transgenic compared to control mice (Fig. 9b) . At variance, both insulin and glucagon immunoreactivities were comparable in ped/ pea-15 transgenic mice and controls. We next compared insulin secretion following a glucose load in L1 ped/pea-15 transgenic mice and in their nontransgenic littermates. In control mice, a five-to sixfold increase in insulin secretion was observed 2 min after intraperitoneal glucose injection, and the levels remained higher than baseline values for up to 30 min, indicating a second-phase response (Fig. 9c) . Based on insulin area under the curve quantitation, the acute first-phase insulin secretory response to glucose was reduced by almost 70% in transgenic mice (P Ͻ 0.001). The second-phase response was also significantly impaired in ped/pea-15 transgenic mice compared to control mice (P Ͻ 0.01). Almost identical decreases in early and late insulin responses were observed in both male and female transgenic mice. Again, defective insulin secretion was also observed with the L30 and L61 mouse lines (data not shown).
To test the further hypothesis that overexpression of ped/ pea-15 is sufficient to impair hyperglycemia-induced insulin secretion, we generated MIN6 beta-cell lines stably overexpressing ped/pea-15 by 3-to 10-fold above endogenous levels (Fig. 10a) . We then compared insulin secretion in these cells and in cells expressing only endogenous ped/pea-15. MIN6 control cells responded with a fivefold induction in insulin   FIG. 8 . Activation of phosphatidylinositol 3-kinase and Akt in ped/ pea-15 transgenic mice. (a) Weight-matched female mice were fasted overnight or fed ad libitum, followed by intraperitoneal insulin injection (0.75 mU g of body weight Ϫ1 ), as indicated. Animals were sacrificed, and the tibialis muscles were collected, homogenized, and assayed for phosphatidylinositol (PI) 3-kinase activity as described under Materials and Methods. Bars represent the mean Ϯ standard deviation of data from five mice per group. The difference in insulin-induced PKB in transgenic versus control mice was not statistically significant. (b) Alternatively, tissue lysates were Western blotted with either PKB or phospho-PKB antibodies. Filters were revealed by enhanced chemiluminescence and autoradiography. The autoradiographs shown are representative of four independent experiments. (c) Proposed mechanism of PED action on insulin-stimulated glucose transport (details in the text). Asterisks denote statistically significant differences (*, P Ͻ 0.05; **, P Ͻ 0.01).
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ped/pea-15 TRANSGENIC MICE AND DIABETES 5011 FIG. 9. Insulin secretion in ped/pea-15 transgenic mice. (a) Transgenic (Tg) and control (C) female mice were fed either a 10% fat standard or a 60% high-fat diet for 10 weeks. Weight-matched animals were then subjected to intraperitoneal insulin tolerance tests as outlined in the legend to Fig. 4 . The effect of the high-fat diet on insulin tolerance is expressed as total areas under the curve (glucose AUC). Bars represent the mean Ϯ standard deviation of data from seven mice per group. Asterisks denote statistically significant differences versus mice maintained on the standard diet (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001). (b) Overexpression of ped/pea-15 in pancreas from ped/pea-15 transgenic mice. Pancreas from ped/pea-15 male transgenic mice (Tg) and their nontransgenic littermates (C) were fixed and embedded in Tissue-Tek OTC, and sections were prepared as described under Materials and Methods. Immunohistochemical analysis of the islets was carried out with PED/PEA-15, insulin, and glucagon antibodies as indicated. Anti-rabbit or anti-goat immunoglobulin G was used as the second antibody. Immunoreactivity was revealed by peroxidase-labeled streptavidin. The microphotographs shown are representative of images obtained from eight transgenic (four male and four female) and seven nontransgenic mice (three male and four female). (c) Weight-matched transgenic and control mice were subjected to intraperitoneal glucose loading as outlined in the legend to Fig. 2 , followed by determination of plasma insulin levels at the indicated times. Data points represent the mean Ϯ standard deviation of determinations in 14 transgenic (seven female and seven male) and 16 control mice (eight female and eight male). Differences between control and transgenic mice were statistically significant, as indicated in the text.
secretion when subjected to physiological increases in the glucose concentration in the medium (Fig. 10b) . In these same cells, the overexpression of ped/pea-15 increased basal insulin secretion (30 to 80%, P Ͻ 0.01) and reduced that induced by glucose by 50 to 90% (P Ͻ 0.001). These changes closely correlated with the expression levels of ped/pea-15 achieved in the cells. Treatment with a specific antisense oligonucleotide effectively blocked ped/pea-15 expression and almost completely rescued the abnormal insulin secretion in the ped/ pea-15 overexpressors (Fig. 10c and d) . More importantly, antisense transfection of cells expressing only the endogenous ped/pea-15 enhanced glucose-induced insulin secretion by Ͼ2-fold, indicating that this gene has a physiological role in controlling beta-cell secretion in response to glucose.
As in other cell types, overexpression of ped/pea-15 in MIN6 cells also caused a twofold activation of PKC␣ (Fig. 11a , P Ͻ 0.001). Moreover, phospholipase D 1 and diacylglycerol levels in ped/pea-15 overexpressing MIN6 cells were increased compared to those in control cells by 2.5-and 3-fold, respectively ( Fig. 11b and c ) and untransfected cells (NT) were assayed for PKC␣ activity (a), phospholipase D1 (PLD1) expression (b), and diacylglycerol (DAG) (c) levels as outlined in the legend to Fig. 6 . Western-blotted phospholipase D1 bands were revealed by enhanced chemiluminescence and autoradiography and quantitated by laser densitometry. Bars represent the means Ϯ standard deviation of four (PKC␣ and phospholipase D1), and five (diacylglycerol) independent determinations. Based on t test analysis, the differences between ped/pea-15-overexpressing and control cells were significant at the P Ͻ 0.001 level.
ped/pea-15 TRANSGENIC MICE AND DIABETES 5013 lipase D/PKC pathway also occurs in beta cells overexpressing ped/pea-15.
DISCUSSION
Analysis of the gene expression profile revealed increased expression of the ped/pea-15 gene in skeletal muscle and adipose tissues from individuals with type 2 diabetes (7). More recently, 5-to 20-fold overexpression of ped/pea-15 has been demonstrated to occur in almost 30% of the type 2 diabetics in a large Italian cohort, indicating that increased expression of the ped/pea-15 gene is a common abnormality in this form of diabetes (R. Valentino and F. Beguinot, unpublished data). In other studies, we reported that overexpression of ped/pea-15 in cultured skeletal muscle cells and adipocytes impairs insulin action on glucose transport and cell surface recruitment of GLUT4 (7, 8) . However, whether the ped/pea-15 defect alone impairs glucose tolerance in vivo remains unknown.
In the present work, we report that transgenic mice overexpressing ped/pea-15 to levels comparable to those occurring in human type 2 diabetes exhibit mildly elevated random-fed blood glucose levels and become hyperglycemic after glucose loading, indicating that increased expression of this gene is sufficient to impair glucose tolerance. Moreover, ped/pea-15 transgenic mice become diabetic when body weight increases through administration of high-fat diets. This additional finding suggests an important interaction of environmental modifiers with ped/pea-15 gene function, leading to a further derangement in glucose tolerance. Based on the insulin tolerance tests, ped/pea-15 transgenic mice are much more insulin resistant than their nontransgenic littermates. The transgenic mice were consistently markedly hyperinsulinemic in the basal state and exhibited increased free fatty acid levels in blood. The transgenic mice also show reduced insulin response to a glucose challenge, indicating that the overexpression of ped/ pea-15 impairs insulin secretion in addition to insulin action. In addition, we found that, when fed high-fat diets, these animals become as insulin resistant as their nontransgenic littermates. Nevertheless, ped/pea-15 transgenic mice develop random hyperglycemia while control animals remain euglycemic. It therefore appears that both decreased glucose-stimulated insulin secretion and impaired insulin action contribute to the abnormal glucose tolerance determined by ped/pea-15 gene overexpression.
Decreased insulin sensitivity in ped/pea-15 transgenic mice might have been determined by the increased free fatty acids (1, 3, 27) . However, it is unlikely that higher free fatty acid levels in ped/pea-15 transgenic mice could completely account for insulin resistance, as ped/pea-15 overexpression also impairs insulin action on glucose uptake in cultured cells (7, 8) . Previous studies in yeasts as well as in eukaryotic cells showed that ped/pea-15 gene encodes a phospholipase D interactor (35) . Importantly, in cultured cells, binding to PED/PEA-15 protein stabilizes the phospholipase, leading to enhanced phospholipase activity (35) . In L6 skeletal muscle cells stably overexpressing ped/pea-15, inhibition of phospholipase D activity rescues insulin action on glucose transport (our unpublished observations), underlining the importance of proper phospholipase D function for normal insulin sensitivity of the insulin-regulated glucose transport system. In addition, our previous work has shown that L6 cells overexpressing ped/ pea-15 feature constitutive activation of the classical PKC isoform PKC␣ (8) . Activation of PKC␣ by ped/pea-15, in turn, determines almost complete loss of PKC/ sensitivity to insulin and of insulin action on glucose transport in these cells (8) .
We now show that muscle and fat tissues from ped/pea-15 transgenic mice also feature reduced insulin action on glucose transport and PKC/ activation and, simultaneously, increased PKC␣ activity and phospholipase D levels. Transgenic tissues also exhibit increased levels of diacylglycerol, a major activator of PKC␣. The same abnormalities persist in epididymal fat pad adipocytes from ped/pea-15 transgenic mice. In these cells, as in L6 muscle cells overexpressing ped/pea-15 (8) , pharmacological block of PKC␣ or phospholipase D activities rescues insulin-stimulated glucose transport. Thus, the overexpression of ped/pea-15 in tissues from the transgenic mice seems to determine insulin resistance in glucose disposal by inhibiting PKC/ function through the induction of PKC␣ (Fig. 7) . Consistent with this mechanism, Leitges et al. have recently shown that elimination of the PKC␣ gene by homologous recombination enhances insulin signaling and action on glucose transport in mice (22) .
Insulin-induced activation of atypical PKCs is markedly impaired in tissues of type 2 diabetic individuals as well as in those from animal models of type 2 diabetes (12, 17, 18, 19) . This abnormality has been proposed to account for the decreased insulin-stimulated glucose disposal observed during hyperinsulinemic-euglycemic clamps in type 2 diabetic humans and monkeys (12) . The defective activation of atypical PKCs in skeletal muscle from type 2 diabetic individuals was also shown to be independent of PKC protein levels and accompanied by normal activation of phosphatidylinositol 3-kinase and Akt by insulin (12, 19, 20) . Based on those studies, however, the mechanism responsible remains unclear. The finding that ped/pea-15 gene overexpression impairs glucose disposal in major insulin target tissues by inhibiting insulin activation of PKC/ indicates that, at least in part, the impaired glucose utilization in type 2 diabetics can be accounted for by increased levels of ped/pea-15. In fact overexpression of ped/pea-15 was found to represent a common abnormality in type 2 diabetes (7), and this defect does not determine changes in phosphatidylinositol 3-kinase or Akt activation by insulin in either cultured skeletal muscle cells (7, 8) or muscle tissue from ped/pea-15 transgenic mice.
The abnormal beta-cell function in ped/pea-15 transgenic mice might have been caused by the metabolic consequences of insulin resistance. More likely, ped/pea-15 overexpression directly impairs beta-cell function. In fact, we have shown that ped/pea-15 overexpression in cultured beta cells causes a twofold increase in basal insulin secretion and inhibits that induced by glucose. Thus, beta-cell overexpression may contribute to the basal hyperinsulinemia found in ped/pea-15 transgenic mice while rendering them unable to compensate for hyperglycemia by further increasing plasma insulin levels. Similar to other tissues from the transgenic mice, overexpression of ped/pea-15 in cultured beta cells led to activation of the phospholipase D/PKC␣ pathway. At variance with insulin-regulated glucose transport, however, PKC␣ inhibition allowed only partial reversal of the insulin secretion defect in ped/pea-15-overexpressing beta cells (data not shown). Thus, abnormal 5014 VIGLIOTTA ET AL. MOL. CELL. BIOL.
PKC␣ signaling might contribute to the secretion abnormalities in these cells. Whether different mechanisms play a major role and the identity of these mechanisms remain to be defined and are presently under investigation in our laboratory. The control of glucose-regulated insulin secretion appears to represent a physiological function of ped/pea-15 in beta cells. Hence, transfection of a specific antisense oligonucleotide into MIN6 cells expressing only endogenous ped/pea-15 enhanced glucose-induced insulin secretion by almost threefold. This additional finding identifies ped/pea-15 as a novel gene controlling insulin secretion in addition to insulin action. Under appropriate environmental conditions, ped/pea-15 overexpression leads to diabetes by impairing both of these functions and may contribute to genetic susceptibility to type 2 diabetes in humans.
